In plant organelle genomes, homeologous recombination between heteroallelic positions of repetitive sequences is increased by dysfunction of the gene encoding MutS homolog 1 (MSH1), a plant organelle-specific homolog of bacterial mismatch-binding protein MutS1. The C-terminal region of plant MSH1 contains the GIY-YIG endonuclease motif. The biochemical characteristics of plant MSH1 have not been investigated; accordingly, the molecular mechanism by which plant MSH1 suppresses homeologous recombination is unknown. Here, we characterized the recombinant GIY-YIG domain of Arabidopsis thaliana MSH1, showing that the domain possesses branched DNA-specific DNA-binding activity. Interestingly, the domain exhibited no endonuclease activity, suggesting that the mismatch-binding domain is required for DNA incision. Based on these results, we propose a possible mechanism for MSH1-dependent suppression of homeologous recombination.
Homologous recombination is a strand exchange reaction between two identical DNA sequences, which is utilized for rescue of stalled replication forks, repair of DNA damages, creation of genetic variations, and other processes [1] . When the recombination occurs between homologous but nonidentical two sequences, it is called homeologous recombination. Homeologous recombination often causes large and unfavorable alterations of genetic information. Therefore, cells strictly regulate the recombination events to occur between identical sequences. In nuclei, RecA homologs catalyze highly accurate hybridization of two identical sequences at the initial step of the recombination [2] [3] [4] . In addition, DNA mismatch repair machinery recognizes mismatches that are generated by hybridization of nonidentical sequences, and resolves the intermediate to inhibit homeologous recombination [5] [6] [7] .
DNA mismatch repair is one of the most widely conserved DNA repair systems, and contributes to maintain the genome integrity by correcting replication errors, repairing oxidative DNA damages, and rejecting homeologous recombination [8] [9] [10] [11] . Early reactions of DNA mismatch repair are performed by MutS1 and MutL homologs. In eukaryotes and a large part of bacteria, MutS1 recognizes mismatched bases and stimulates the endonuclease activity of MutL homolog to incise error-containing region of the DNA. While the endonuclease activity of MutL homolog largely contributes to correction of replication errors [7] , it is unclear whether the endonuclease activity is necessary for rejection of homeologous recombination [12] . MutS1 and MutL homologs may directly stimulate DNA helicases to unwind the intermediate of homeologous recombination without incision [6, 12] .
Higher plants often have polyploid organelle genomes, each of which contains various lengths of repeated sequences [13] . This is causative of unusually high frequency of DNA recombination events in the genome [14, 15] . When recombination occurs between these repeats, strand invasion reaction is expected to frequently target a heteroallelic position of the genome, resulting in a high frequency of homeologous recombination. It has been reported that disruption of a nuclear gene MutS homolog 1 (MSH1), whose gene product localizes at mitochondria and chloroplasts [16] , causes an increase in recombination in Arabidopsis thaliana and Physcomitrella patens organelle genomes [15, 17] . The organelle genome rearrangements caused by MSH1 disruption result in alteration of overall plant phenotypes such as leaf green-white variegation and increased heat tolerance [18, 19] . Effects of MSH1 disruption have been actively investigated to make it clear that MSH1 is responsible for inhibition of recombination between heteroallelic positions of the repeated sequences (i.e., homeologous recombination) [20] . Since it has been indicated that components of traditional mismatch repair system, MutS1 and MutL homologs, are absent in the organelle [21] , MSH1 would be a main barrier to suppress homeologous recombination in the plant organelle genomes. However, there has been no report on the biochemical function of plant MSH1; therefore, it is unclear how plant MSH1 suppresses homeologous recombination.
Plant MSH1 shows an amino acid sequence similarity to bacterial MutS1, a DNA mismatch repair protein (Fig. 1) . Proteins homologous to bacterial MutS1 are widely conserved in all three kingdoms of life [22, 23] . Those proteins contain the common ATPase domain and show DNA-binding specificities toward particular DNA structures. To date, MutS homologs can be roughly divided into two groups based on their DNA-specificities. One group includes bacterial MutS1 [24, 25] , eukaryotic MSH2, MSH3, and MSH6 [26] ; these recognize mismatched DNA to initiate mismatch repair reaction. The other group includes bacterial MutS2 [27] [28] [29] , archaeal MutS5 [30] , eukaryotic MSH4, and MSH5 [31] , which recognize branched DNA structures such as Holliday junction and the D-loop structure, intermediates in homologous/homeologous recombination, to inhibit or promote the recombination.
The amino acid sequence of plant MSH1 contains the mismatch-binding domain (MutS I domain) at its N-terminal region (Fig. 1) . The domain includes a Phe-Tyr-Glu motif that is verified to be essential for the mismatch recognition in bacterial and eukaryotic MutS1 homologs [32, 33] . A previous genetic experiment revealed that the integrity of the motif was critical for the cellular function of Arabidopsis MSH1 [16] , suggesting that plant MSH1 is a member of the mismatchrecognizing MutS homologs. Interestingly, plant MSH1 contains an extra C-terminal stretch that the other MutS homologs do not have [22] . The C-terminal stretch includes the GIY-YIG endonuclease motif, which is conserved in a variety of endonucleases such as restriction enzymes, homing endonucleases, and DNA repair endonucleases [34] . It was previously shown that deletion of the GIY-YIG domain-coding region from P. patens MSH1 resulted in the same phenotype as the null mutation [15] , suggesting the importance of the domain for the molecular function of plant MSH1.
In the present study, to provide insight into the mechanism by which plant MSH1 inhibits homeologous recombination, we biochemically characterized the Cterminal GIY-YIG domain of A. thaliana MSH1 (AtMSH1). Surprisingly, the domain exhibited a binding specificity, but no endonuclease activity, toward branched DNA structures such as the D-loop structure, a primary intermediate in homologous/homeologous recombination. On the basis of the results, a possible mechanism for the suppression of the homeologous recombination by AtMSH1 was proposed.
Materials and methods

Construction of expression plasmids
The coding sequence for the C-terminal GIY-YIG domain (amino acid residues 979-1118) of AtMSH1 was synthesized (GenScript Japan, Tokyo, Japan) and cloned into the NdeI-BamHI site of the vector pET-15b (Merck, Darmstadt, Germany) to obtain pET-15b/AtMSH1 C-terminal domain (CTD). The expression plasmid for the R1048A/ H1052F mutant of the AtMSH1 CTD was constructed by a KOD Plus Neo mutagenesis kit (TOYOBO, Osaka, Japan) using the pET-15b/AtMSH1 CTD wild-type as a template. The primers used were 5 0 -gtgcgtttcgagcaaaggaag gactg-3 0 and 5 0 -gtatcgctccttcaagatcatcggtctgtcc-3 0 . Underlines indicate the codons that were altered by the site-directed mutagenesis. DNA sequencing revealed that constructions were error-free.
Overexpression and purification of the AtMSH1 The cells were thawed at 25°C in a water bath. After centrifugation at 15 000 g for 20 min, the supernatant was loaded onto a His-bind resin (GE Healthcare, Uppsala, Sweden) column (1 mL). The column was washed with 2 mL of buffer I and further washed with 10 mL of buffer I containing 100 mM imidazole. The protein was eluted with 6 mL of 50 mM Tris/HCl (pH 8.0) and 500 mM NaCl containing 100 mM EDTA. The eluate was dialyzed against buffer I at 4°C. Ammonium sulfate was added to the protein solution to yield a final concentration of 1 M. The solution was loaded onto a Toyopearl-Phenyl column (5 mL; TOSOH, Tokyo, Japan) equilibrated with buffer I containing 1 M ammonium sulfate. The column was washed with 50 mL of buffer I containing 0.5 M ammonium sulfate. The protein was eluted with 10 mL of buffer I. The fractions containing the AtMSH1 CTD were detected by SDS/PAGE and collected. The protein solution was dialyzed against buffer I at 4°C. The protein solution was concentrated using a VIVASPIN6 concentrator (Vivascience, Hannover, Germany). The R1048A/ H1052F AtMSH1 CTD was prepared by the same method as that for the wild-type AtMSH1 CTD. Protein concentrations were determined on the basis of the values of absorbance at 280 nm. The theoretical molar extinction coefficient for the AtMSH1 CTD and the mutant was 5960 M À1 Ácm À1 .
Thermus thermophilus MutS1 [35] , the N-terminal domain of T. thermophilus MutS2 [27] , and the N-terminal domain of Aquifex aeolicus MutL [36] were prepared as described previously.
Electrophoretic mobility shift assay DNA substrates were made by annealing various combinations of synthesized oligonucleotides (Invitrogen, Waltham, CA, USA). Sequences of the oligonucleotides are listed in Table 1 . Oligonucleotides were mixed in a buffer containing 10 mM Tris/HCl (pH 8.0) and 100 mM NaCl. The mixture was incubated for 10 min at 95°C, followed by 5 min at 90°C, 5 min at 85°C, 5 min at 80°C, 5 min at 75°C, 10 min at 70°C, 10 min at 65°C, 10 min at 60°C, 10 min at 55°C, 5 min at 50°C, 5 min at 45°C, 5 min at 40°C, 5 min at 35°C, 5 min at 30°C, and finally 5 min at 25°C.
The substrate DNA (30 nM) was incubated with various concentrations of the AtMSH1 CTD, the N-terminal domain of T. thermophilus MutS2, T. thermophilus MutS1, or the N-terminal domain of A. aeolicus MutL in a 10 lL of the reaction solution containing 50 mM Tris/HCl (pH 8.0), 100 mM NaCl, 2. [24, 25] . The MutS I domain contains the mismatch-recognizing motif, which is retained also in plant MSH1. The MutS V domain is a signature of the MutS family proteins and contains the Walker A and B ATPase motifs. Plant MSH1 has the GIY-YIG endonuclease domain at its C-terminal region. Bacterial MutS2 also contains the Smr endonuclease domain at the C-terminal region. Amino acid sequence alignment around the mismatch-recognizing motif of plant MSH1 and other mismatchrecognizing MutS homologs is shown. Crosses indicate the mismatch-recognizing Phe-Tyr-Glu motif. Amino acid sequence alignment around the GIY-YIG endonuclease motif of a wide range of GIY-YIG families is also shown. Red asterisks indicate the GIY-YIG endonuclease motif. Blue asterisk indicates the conserved glutamate residue that has been shown to function as a catalytic residue in some GIY-YIG endonucleases including I-TevI homing endonuclease [45] . Triangles indicate the highly conserved Arg and His residues that were mutagenized in this study. Amino acid sequence alignments were constructed by CLUSTALW program [46] and visualized by ESPRIPT ver. 3.0 [47] .
cyanol] was added to the reaction mixture. The mixture was loaded onto a 9% (w/v) polyacrylamide gel, and electrophoresed in a buffer containing 100 mM Tris, and 50 mM glycine. The gel was stained with a SYBR Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific, Waltham, MA, USA) for 30 min. The stained DNA molecules were visualized using a Gel-Doc 2000 imaging system (BioRad Laboratories, Hercules, CA, USA). By using an IGOR PRO version 3.14 software (WaveMetrics, Portland, OR, USA), the following equation was fitted to the data:
where Endonuclease assay using a synthesized DNA substrate
The D-loop structure or Holliday junction (60 nM) was incubated with 0-60 lM of the AtMSH1 CTD or 0-2 lM of T. thermophilus MutS2. The reaction mixture contained 50 mM Tris/HCl (pH 8.0), 100 mM NaCl, 1 mM magnesium acetate, 1 mM manganese chloride, 1 mM calcium chloride, 1 mM nickel chloride, 1 mM cobalt chloride, and 0.1% (w/ v) bovine serum albumin. Reactions were performed at 25°C for 16 h (for the AtMSH1 CTD) or at 37°C for 45 min (for T. thermophilus MutS2). Reactions were stopped by addition of the equal volume of a sample buffer containing 10 M urea, 5 mM Tris/HCl (pH 8.0), 10 mM EDTA, 50% (w/v) glycerol, 0.05% (w/v) bromophenol blue, and 0.05% (w/v) xylene cyanol, and heated at 95°C for 10 min. Then, the reaction solutions were loaded onto an 8 M urea-containing 9% (w/v) polyacrylamide gel and electrophoresed in the buffer containing 100 mM Tris, and 50 mM glycine. After electrophoresis, the gel was washed in a water for 5 min three times, and stained with a SYBR Gold Nucleic Acid Gel Stain.
Endonuclease assay using a cruciform-containing plasmid DNA
The plasmid pUC(AT) (40 ngÁlL À1 ; New England Biolabs, Ipswich, MA, USA) was incubated with 0-40 lM of the AtMSH1 CTD or 0-5 lM of T. thermophilus MutS2 in a 10 lL of the reaction mixture containing 50 mM Tris/HCl (pH 8.0), 100 mM NaCl, 1 mM magnesium acetate, 1 mM manganese chloride, 1 mM calcium chloride, 1 mM nickel chloride, 1 mM cobalt chloride, and 0.1% (w/v) bovine serum albumin at 25°C for 3 h (for the AtMSH1 CTD) or at 37°C for 15 min (for T. thermophilus MutS2). Reactions were terminated by addition of 3 lL of a sample buffer comprised of 50% (v/v) glycerol, 0.9% (w/v) SDS, 5 mM EDTA, 0.05% (w/v) bromophenol blue, and 0.05% (w/v) xylene cyanol. The mixture was loaded onto a 1.0% (w/v) agarose gel containing the TAE buffer and electrophoresed in the same buffer. The plasmid was stained with ethidium bromide.
Results
Preparation of the AtMSH1 CTD
The amino acid sequence of AtMSH1 was subjected to the domain search analysis by Pfam [37] , which suggested that amino acid residues 1024-1091 of AtMSH1 (total 1118 residues) are the C-terminal GIY-YIG domain. Therefore, we first tried to prepare the 1024-1091 and 1024-1118 regions of AtMSH1 as the recombinant AtMSH1 CTD. However, those recombinant proteins were not expressed in the host E. coli cells. Subsequently, we created and analyzed the amino acid sequence alignments of a variety of plant MSH1 proteins. The result showed that the 979-1118 region of AtMSH1 is highly conserved among plant MSH1 proteins. The histidine-tagged form of this region of AtMSH1 was successfully overexpressed and purified. The measured circular dichroism spectrum of the purified AtMSH1 CTD indicated the proper folding of the protein. In this paper, the 979-1118 region of AtMSH1 was investigated as the C-terminal GIY-YIG domain.
DNA-binding specificity of the AtMSH1 CTD
In order to examine the DNA-binding ability of the AtMSH1 CTD, electrophoretic mobility shift assay was performed. Substrate DNA was incubated with various concentrations of the AtMSH1 CTD and electrophoresed on a polyacrylamide gel under native condition to allow DNA-protein binding during electrophoresis. As shown in Fig. 2A , intensity of the shifted DNA signals increased in a protein concentration-dependent manner, indicating the DNA-binding ability of the AtMSH1 CTD.
To investigate the DNA-binding specificity of the AtMSH1 CTD, various kinds of DNA structures were generated and used as substrates for the electrophoretic mobility shift assay ( Fig. 2A,B) . T-unpaired heteroduplex is the representative of the mismatched DNA. It is known that bacterial MutS1 (T. thermophilus MutS1) specifically binds to the T-unpaired DNA (Fig. 2C ). Branched DNA structures, i.e., Holliday junction, the D-loop structure, the pseudo Y, and the fork, are the intermediates in DNA recombination, repair, or replication. We confirmed that those branched DNA structures used here were recognized by a branched DNA-specific protein, T. thermophilus MutS2 (Fig. 2D) . In addition, a negative control experiment confirmed that a nonspecific DNA-binding protein (the N-terminal domain of A. aeolicus MutL) did not show any specificity to the branched DNA structure (Fig. 2E) . Thus, it can be considered that substrate DNAs were structured as intended. The results clearly show that the AtMSH1 CTD exhibits a binding specificity toward branched DNA structures, especially to the D-loop structure and Holliday junction. The dissociation constants of the AtMSH1 CTD to the D-loop structure, Holliday junction, and the fork were 0.83, 1.2, and 2.1 lM, respectively (Fig. 2B) . Because of the insufficient shift of the signals, dissociation constants for the other DNA substrates were not determined.
Endonuclease activity of the AtMSH1 CTD
Since the GIY-YIG domain is known to possess an endonuclease activity, we also examined the DNA incising activity of the AtMSH1 CTD. The D-loop structure used in electrophoretic mobility shift assay was incubated with proteins in the presence of various kinds of divalent metal ions, and then, electrophoresed under a denaturing condition (Fig. 3A) . When the D-loop structure was reacted with a structure-specific endonuclease, T. thermophilus MutS2, DNA strands were digested in a protein concentration-dependent manner. In contrast, reactions with the AtMSH1 CTD resulted in no fragmentation of the substrate DNA. Similarly, we also detected no incision by the AtMSH1 CTD when Holliday junction was used as a substrate (data not shown). Subsequently, we examined the nuclease activity toward a cruciform-containing plasmid DNA, pUC(AT). The pUC(AT) was made by inserting a 40-bp AT repeat sequence into the multiple cloning site of pUC19, and often used to examine a branched DNA structure-specific endonuclease activity [27, 38] . An endonuclease activity converts the covalently closed circular form of the plasmid DNA into the open circular or linear form, which enables detection of an extremely weak endonuclease activity. As shown in Fig. 3B , although T. thermophilus MutS2 generated the open circular form, the AtMSH1 CTD did not alter the form of the plasmid DNA. Thus, no nuclease activity of the MSH1 CTD was detected under the conditions employed here. The N-terminal domain of AtMSH1 may be required for the endonuclease activity of the AtMSH1 CTD as discussed below in detail. So far, attempts to prepare the recombinant proteins of the full-length AtMSH1 (residues 1-1118 and 111-1118) have not succeeded.
DNA-binding site of the AtMSH1 CTD
To know whether the GIY-YIG motif is involved in the DNA-binding of the AtMSH1 CTD, we tried to create mutant AtMSH1 CTDs that carry mutations at the GIY-YIG motif. However, mutations at the GIY-YIG motif resulted in precipitation of the recombinant proteins in the host E. coli cells, which prevented us from investigating the biochemical properties of those mutants. The integrity of the GIY-YIG motif would be essential for the proper folding of the domain.
Then, we focused on the Arg and His residues that are adjacent to the GIY-YIG motif and almost perfectly conserved in all types of GIY-YIG endonucleases (Fig. 1) . The crystal structure of Slx1, a eukaryotic member of the GIY-YIG superfamily [39] , has revealed that the Arg and His residues are adjacent to the GIY-YIG motif also in the tertiary structure (Fig. 4A) . The AtMSH1 CTD mutant that carries the double mutation R1048A/H1052F was successfully overexpressed and purified. The circular dichroism spectrum of the mutant protein was exactly the same as that of the wild-type AtMSH1 CTD, indicating that the mutation did not cause any undesirable effect on the protein structure. The mutant showed a reduced DNA-binding activity toward the D-loop and Holliday junction (Fig. 4B,C) . The dissociation constant of the mutant for the D-loop structure was 4.5 lM, showing that the DNA-binding ability of the R1048A/H1052F AtMSH1 CTD was approximately five times weaker than that of the wildtype. These results indicate that the DNA-binding site is around the GIY-YIG motif of the AtMSH1 CTD.
Phylogenetic analysis of the MSH1 GIY-YIG domain
It was previously reported that members of the GIY-YIG superfamily can be classified into seven families [34] : UvrC-like, homing endonuclease, COG1833, COG3680, penelope, restriction enzyme (Eco29kI), and Slx1 families. Dunin-Horkawicz et al. suggested that the MSH1 CTDs from Oryza sativa and A. thaliana were included in the Slx1 family [34] . As many plant genomes have been decoded in the last decade, we performed a phylogenetic analysis of the GIY-YIG superfamily using ten varieties of plant MSH1 sequences (Fig. 5) . The result clearly showed that the plant MSH1 GIY-YIG domains can be classified as a new family that is equivalent to the other previously categorized seven GIY-YIG families.
It should be noted that the MSH1 family of the GIY-YIG domain is in close evolutionary relationship to Slx1 family. Slx1 is a structure-specific endonuclease that, in concert with Slx4, incises Holliday junction and other branched DNA structures to enhance homologous recombination [39] . It has been shown that, although Slx4, a separate subunit, is required for efficient incision, Slx1 alone is able to recognize branched DNA structures. The similar substrate specificity between the Slx1 and the MSH1 GIY-YIG domains is consistent with the fact that those two families are evolutionarily related to each other. 5 . The phylogenetic analysis of the GIY-YIG endonuclease superfamily. The amino acid sequences of ten plant MSH1 GIY-YIGs and representatives of the seven GIY-YIG families were aligned using the CLUSTALW program on the GENETYX ver.14 (Genetyx Co., Tokyo, Japan). The phylogenetic tree was drawn using neighbor-joining method on the GENETYX tree program. In addition to the previously reported seven families of the GIY-YIG domains, the plant MSH1 CTDs were categorized as a novel family of the domain. UvrC is a prokaryotic nucleotide excision repair endonuclease. Penelope is a reverse transcriptase encoded in a retrotransposon (Penelope element). Restriction enzyme represents Eco29kI and its homologs. Homing endonuclease is the gene product of a mobile genetic element within introns. Slx1 is a catalytic subunit of the Slx4/Slx1 nuclease that specifically incises branched DNA structures. COG1833 and COG3680 are functionally uncharacterized conserved domains. The plant MSH1 family (highlighted by a blue background) is in close evolutionary relationship with the Slx1 family (highlighted by a purple background).
Discussion
The AtMSH1 CTD contains the GIY-YIG endonuclease motif (Fig. 1 ) that is essential for in vivo function of AtMSH1. Although the purified AtMSH1 CTD exhibited a DNA-binding ability, no nuclease activity was detected under conditions we tested (Fig. 3) . It is known that the endonuclease activities of some GIY-YIG families are cryptic and require interaction with other proteins. For example, a structure-specific endonuclease Slx1 requires the partner subunit Slx4 for efficient incision of substrate DNA [39] . In addition, the incision by the nucleotide excision repair protein UvrC is completely dependent on the interaction with UvrB, a DNA lesion-recognizing protein [40] . It would be reasonable to postulate that the N-terminal mismatch-binding domain activates the CTD of AtMSH1 to exert the endonuclease activity. Alternatively, it may also be possible that the CTD of AtMSH1 has no intrinsic endonuclease activity. There has been a precedent of a GIY-YIG domain lacking an endonuclease activity: the homing endonuclease, ICreII, has the HNH endonuclease domain in addition to the GIY-YIG domain, and the critical catalytic residues for the endonuclease activity are in the HNH domain but not in the GIY-YIG domain [41] . It should be noted, however, that the YIG portion of the GIY-YIG motif of I-CreII is replaced by the IGG sequence. The YIG portion is highly conserved, more than the GIY portion, among the GIY-YIG endonuclease superfamily (Fig. 1) , and, therefore, we prefer the possibility that the GIY-YIG domain of MSH1 is a latent endonuclease.
The AtMSH1 CTD showed a binding specificity toward branched DNA structures, especially to the Dloop structure (Fig. 2) . The D-loop structure is a primary intermediate in homologous and homeologous recombination, which is created during the RecA homolog-catalyzed strand invasion reaction. Since homeologous recombination involves a hybridization of two nonidentical sequences, the D-loop structure that arises during homeologous recombination contains mismatched bases. The N-terminal domain of AtMSH1 retains a mismatch-binding domain with the functional mismatch-recognizing motif [16] . It is expected that the mismatched bases within the D-loop structure is recognized by the N-terminal domain of MSH1. Previously, an in vitro single molecule experiment confirmed that a mismatched base within the Dloop structure was bound by a eukaryotic MutS1 homolog [42] . From these findings, we propose the following model for the molecular mechanism by which MSH1 specifically prevents homeologous recombination ( Fig. 6 ): Recombination-mediated double-strand break repair is initiated by strand invasion reaction to form the D-loop structure. When the strand invasion Fig. 6 . A possible mechanism by which Arabidopsis MSH1 specifically prevents homeologous recombination. Double-strand breaks arise as a consequence of collapse of the replication fork and other DNA damages. The breaks are repaired through homologous recombination by templating another copy of the mitochondrial genome. The D-loop structure is generated at the strand invasion step. When the strand invasion occurs between the aberrant positions of the repeated sequences, the recombination process is regarded as homeologous recombination. Homeologous recombination yields a genome copy that has a divergent length of the genomic sequence, while homologous recombination does not alter the genomic information. In the homeologous recombination (right pathway in the scheme), the intermediate D-loop structure contains mismatched bases in the hybridized region. On the other hand, the D-loop structure during homologous recombination is mismatch-free (left pathway). The N-terminal domain and the C-terminal GIY-YIG domain of MSH1 recognizes the mismatch and the branch in the D-loop structure, respectively. Assuming that the GIY-YIG domain is activated by the interaction with the Nterminal domain-mismatch complex, the MSH1-dependent DNA incision and inhibition occur only in homeologous recombination but not in homologous recombination. Alternatively, it may also be possible that MSH1 suppresses homeologous recombination without incision of the intermediate. Details are described in the main text.
occurs at heteroallelic positions of the repeated sequences, mismatched bases arise in the D-loop structure (right pathway in Fig. 6 ). The mismatch-containing D-loop structure is recognized by MSH1, where the mismatch and the branch are bound by the Nterminal domain and the GIY-YIG domain, respectively. Then, the GIY-YIG domain, which should be activated by the interaction with the N-terminal domain, incises the branch of the mismatch-containing D-loop structure to terminate the proceeding of the recombination reaction. Some kinds of helicases and/ or exonucleases may be required to remove the invading strand left in the D-loop structure. In contrast, the strand invasion at homoallelic positions of the repeated sequences generates the mismatch-free D-loop structure (left pathway in Fig. 6 ). The branch of the D-loop structure can be recognized by the GIY-YIG domain of MSH1, but, no incision occurs because of the lack of mismatch recognition and activation of the GIY-YIG domain by the N-terminal domain.
As mentioned above, we cannot exclude the possibility that the C-terminal GIY-YIG domain of MSH1 is not an endonuclease. When this is the case, the specific inhibition toward homeologous recombination may be accomplished without incision by MSH1. The mismatch and the branch within the D-loop structure would be recognized by the N-terminal domain and the GIY-YIG domain of MSH1, respectively, which may be enough to arrest the process of homeologous recombination. Other endonucleases or helicases may be recruited and involved in dissolving the intermediate.
In bacteria, a MutS family protein, MutS2, recognizes and incises the D-loop structure [27, 43] . MutS2 lacks the mismatch-binding domain and exhibits no specificity toward mismatched DNA, suggesting that MutS2 does not discriminate mismatch-containing and -lacking D-loop structures. This would explain why MutS2 prevents/enhances both of homologous and homeologous recombination [28, 29, 44] . On the other hand, incision by AtMSH1 is expected to depend on the existence of a mismatch within the D-loop. The requirement of the N-terminal mismatch-binding domain for incision may make the preventive effect of MSH1 specific toward homeologous recombination. It has been known that MutS1 homolog-dependent mismatch repair system also inhibits homeologous recombination by recognizing and resolving the heteroduplex intermediate formed by hybridization of nonidentical sequences. However, unlike MSH1, other MutS1 homologs have no endonuclease domain. Therefore, the MSH1-dependent mechanism would be quite different from other MutS1 homolog-dependent ones.
